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ASYMMETRIC GEL-FILLED
MICROPOROUS MEMBRANES

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a National Phase Patent Application of

International Application Number PCT/CA02/01102, filed
on Jul. 18, 2002, which claims the benefit of U.S. Provi-

sional Patent Application No. 60/306,412, filed on Jul. 20,
2001.

FIELD OF INVENTION

The present invention relates to certain novel membranes,
their manufacture and use.

BACKGROUND OF THE INVENTION

Membranes are used, for instance, 1n separation processes
as selective barriers that allow certain chemical species to
pass, 1.¢., the permeate, while retaining other chemical
species, 1.€., the retentate. Membranes are used 1n many
applications, for example as biosensors, heparinized sur-
faces, facilitated transport membranes utilizing crown ethers
and other carriers, targeted drug delivery systems including
membrane-bound antigens, catalyst-containing membranes,
treated surfaces, sharpened resolution chromatographic
packing materials, narrow band optical absorbers, and in
various water treatments which involve removal of a solute
or contaminant, for example, dialysis, electrodialysis,
microfiltration, ultrafiltration, reverse osmosis, nanofiltra-
tion and in electrolysis and in fuel cells and batteries.

There are many matenals or substrates for membranes.
Specific physical and chemical characteristics to be consid-
ered when selecting a substrate include: porosity, surface
arca, permeability, solvent resistance, chemical stability,
hydrophilicity, flexibility and mechanical integrity. Other
characteristics may be important 1n certain applications.

The rate of transport through a membrane 1s 1versely
related to the thickness of the membrane. However, reduc-
tion in thickness 1s normally accompamed by a loss of
mechanical strength. Loeb and Sourirajan prepared a mem-
brane which contained a thin dense layer at one surface and
a less dense, more open structure through the rest of the
membrane. The thin, dense layer provides the separating
function of the membrane while the more porous component
assists 1n providing mechanical strength. Loeb and Sourira-
jan formed the skinned membranes using a casting, partial
evaporation and subsequent phase inversion. These and
comparable membranes typically are made from a single
polymer using some kind of phase separation process in the
production of the film.

A further important type ol membrane mvolves the for-
mation of a thin layer on the surface of a supporting
membrane 1n which the thin film has a different composition
to that of the support. Such membranes are generally known
as thin film composite membranes. Typically, the thin dense
layers consist of a crosslinked polyamide that 1s made using
an itertacial polymerization step.

Essentially all commercially available membranes used in
reverse osmosis and nanofiltration applications are of a thin
film construct with most being based on the thin-film
composite approach.

The present invention 1s concerned with pore-filled mem-
brances, not thin film membranes. It should be stressed that
there 1s a fundamental difference 1n membrane construction
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between thin film and pore-filled membranes. The separat-
ing or active layer in thin film membranes 1s typically a
dense layer that 1s formed on the top of a support membrane.
This dense layer faces the feed solution. In pore-filled
membranes a low density, cross-linked gel 1s contained
within the pores of a microporous substrate and serves as the
separating “layer”. Because of the nature of the gel it has to
be prevented from excessive swelling 1n contact with water
or other gel-swelling solvents by the physical constraint
imposed upon 1t by the microporous host. As a result, 1n
pore-filed membranes attempts are made to avoid having gel
surface layers but istead to ensure that the gel 1s held within
the pores of the host.

In Mika et al., J. Membr. Sci., 108 (19935) pp 37 to 56,
there 1s described a procedure for modifying microporous
polypropylene and polyethylene membranes wherein 4-vi-
nylpyridine 1s m-situ graft-polymerized into the pores of the
membrane. The teaching of this article 1s incorporated by
reference.

U.S. Pat. No. 6,258,276, the disclosure of which 1s

incorporated by reference, teaches that by cross-linking the
membranes described by Mika et al. with a suitable cross-
linking agent, such as divinylbenzene (DVB), there are
provided charged membranes comprising porous microfil-

tration substrate membranes whose pores have anchored
therein a cross-linked polyelectrolyte or hydrogel which
exhibit novel effects in a variety of membrane applications.
In particular, the membranes are said to exhibit significant
ion rejection properties, enabling water softening to be
cllected, particularly at ultra-low pressure, such as the
pressure of tap water, by removing multivalent 1ons, such as
calcium and magnesium, 1n preference to monovalent 10ns,
such as sodium. The membranes further exhibit electro-
chemical separator properties which make them suitable for
a wide variety of applications, including electrodialysis,
battery separators, fuel cell separators and electrochemical
synthesis. In addition, the membrane may be used for
Donnan dialysis, diffusion dialysis and pervaporation.

Table 1 shows performance data of some symmetric
pore-filled membranes at a driving pressure of 100 kPa with
a municipal tap water feed, and one commercially available
thin-1ilm or non-pore filled membrane (DESAL-51). In each
case the pore-filled membranes were made using a poly
(propylene) microporous host membrane.

TABLE 1

Mass- Cross- FLUX at REJECTION
INCORPORATED gain linking 100 kPa (%)
GEL (%) (%0) kg/m“h Na Mg Ca
Poly(vinylbenzyl 42 5 12 35 79 RO
ammonium )/Piperazine
Poly(vinylbenzyl 53 Q 7 24 78 62
ammonium )/ DABCO
Poly(vinylpyridine)/c, 66 11 8 20 74 61
a'-dichloro-p-xylene
DESAIL-51 8 21 71 54

DESAL-51 1s a commercially available high perfor-
mance, flat-sheet nanofiltration membrane produced by
Osmonics. The data shown for DESAL-51 1n Table 1 were
obtained under i1dentical conditions to the pore-filled mem-
branes.

In these pore-filled membranes transport of matter such as
solvent or solutes occurs only through the incorporated gel
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phase and not through the microporous support material.
The microporous support simply provides mechanical sup-
port for the icorporated gel.

These polyelectrolyte gel-filled membranes have a more
or less even distribution of the imcorporated polyelectrolyte
gel-throughout the thickness of the membrane. This means
that the thickness of the active layer, 1.¢., the thickness of the
polyelectrolyte gel layer, 1s approximately the same as the
thickness of the starting host membrane, typically in the
range 80 to 120 um.

Plasma induced graft polymerization techmques, which
are well known as a surface modification method, could, in
principle, be used to prepare asymmetrically filled porous
membranes. Yamaguchi et al. [J. Polym. Sci. Part A. Poly-
mer Chem. 34, 1203-1208 (1996), Macromolecules 24,
5522-55277, (1991) and Ind. Eng. Chem. Res. 32, 848-833
(1993).] have described the plasma grait polymerization of
poly(methylacrylate) onto a microporous high density poly
(ethylene) membrane, pore size 0.02 um. It was found that
the grafted polymer was distributed symmetrically through
the membrane cross-section. The graft polymerization rate
was, however, aflected by changing the monomer diffusivity
relative to the reactivity of activated sites with change of the
solvent. This 1n principle could lead to control of the grafted
polymer location in the substrate. The present inventors have
found that 1t 1s very hard to control the location of the gratted
polymer using plasma activation techniques. In particular,
with the large pore-sized and high porosity substrates pre-
terred for high performance pore filled nanofiltration mem-
branes experience 1n introducing poly(acrylic acid) has been
that gratting largely occurs throughout the thickness of the
membrane. The grafted polymers mtroduced by this method
were not crosslinked.

Porous hollow fibre membranes filled with hydrogels
having mesh size asymmetry are disclosed by Dai and
Barbari [J. Membrane Science, 171, 79-86, (2000)]. The
hollow fibre was first impregnated with a solution of poly
(vinyl(alcohol) and gluteraldehyde as a cross-linker so as to
form an incorporated gel evenly distributed across the
thickness of the membrane. After the cross-linking reaction
was completed 1n the pores, the pore-filling hydrogel was
modified to create mesh size asymmetry in the gel phase
within the wall of the fibre. A gradient cross-linking was
used to create the asymmetry in cross-linking. While there
was an asymmetry in cross-linking density through the wall

of the fibres the overall gel density did not significantly alter.

SUMMARY OF THE INVENTION

The membranes of U.S. Pat. No. 6,258,276 have the
crosslinked polyelectrolyte or hydrogel evenly distributed
across the thickness of the membranes, 1.e., the membranes
are symmetrical. It has now been found that 1f the polyelec-
trolyte gel or hydrogel 1s distributed unevenly, with a greater
concentration of the gel at or near one surface of the
membrane than the other, then the membrane displays
superior properties, particularly higher flux, as compared
with, for example membranes of U.S. Pat. No. 6,258,276
and other commercially available membranes, and can be
operated at ultra low pressure. Such membranes having
uneven distribution of gel 1n the membrane cross-section are
referred to herein as asymmetric membranes.

Accordingly, in one aspect the present invention provides
a membrane comprising a microporous substrate and a
crosslinked gel, preferably a hydrogel or a polyelectrolyte
gel, located 1n pores of the substrate, wherein the crosslinked
gel 1s distributed unevenly across the thickness of the

10

15

20

25

30

35

40

45

50

55

60

65

4

membrane so that there 1s a gradient of gel distribution from
one major surface of the membrane towards the other major
surface of the membrane. Preferably, the density of the
crosslinked gel 1s substantially greater at or adjacent to one
major surface or the membrane than the density at or
adjacent to the other major surface of the membrane.

It will be appreciated that the membranes of the invention
have a continuous or substantially continuous band or layer
of the gel 1n two dimensions of the microporous substrate
that are parallel to a major surface of the membrane. The
gradient 1n gel density 1s 1n the third, or thickness, dimension
of the membrane.

In another aspect the invention provides a process for
preparing a membrane of the invention as described above,
which process comprises forming a crosslinked gel, prefer-
ably a hydrogel or a polyelectrolyte gel, 1n pores of a
microporous substrate, the formation being carried out in
such a manner that the crosslinked gel 1s distributed
unevenly across the thickness of the substrate so that there
1s a gradient of gel distribution from one major surface of the
membrane towards the other major surface of the membrane.

In yet another aspect the invention provides a process for
preparing an asymmetric membrane wherein the pores of the
microporous substrate are filled with a solution of a polymer,
or a polymerizable monomer, whereafter some of the solvent
1s allowed to evaporate and crosslinking or polymerization
and crosslinking 1s allowed to proceed 1n the pores to form
the asymmetric membrane.

In yet another aspect of the invention, the polymer or
polymerizable monomer, or cross-linking agent bear func-
tional groups that are 1omically charged or groups that can be
rendered 1onically charged.

In yet another aspect the mnvention provides a process for
preparing an asymmetric membrane which comprises filling
the pores of the microporous substrate with a solution of a
polymerizable monomer, a crosslinking agent, a photoini-
tiator for polymerization and a photoblocker, and 1rradiating
to cause polymerization to form the asymmetric membrane.

In yet another aspect the invention provides a process for
removal of matter from a liquid, usually water, which
comprises passing the liquid through a membrane of the
invention.

A variety of different types of asymmetry are possible
including vanation 1n the density of the gel. Further, asym-
metry in the host microporous substrate can also be used to
assist 1n providing asymmetry in the gel loading.

Membranes of the invention display high fluxes at pres-
sures normally used in water softening applications using
commercial membranes. In many instances they can be
operated at lower pressures and still retain separation, so the
productivity ol commercial membranes can be achieved at
lower operating pressures. This means that separations can
be achieved with lower energy, lower capital costs and also
lower fouling tendencies.

DESCRIPTION OF PREFERRED
EMBODIMENTS

The crosslinked gel 1s preferably a hydrogel and more
preferably 1s a polyelectrolyte hydrogel. The crosslinked gel
1s preferably comprised of crosslinked polymers or copoly-
mers. The microporous substrate may comprise a porous
substrate formed of polymeric material, such as polypropy-
lene, polyethylene, poly(vinylidene difluonide), poly(tet-
rafluoroethylene), poly(esters), nylons, polysulfones, poly
(carbonates), cellulose or cellulose acetate, or ceramics or
porous glasses 1nto the pores of which may be mtroduced
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crosslinked polyelectrolytes or hydrogels anchored within
the substrate pores. The incorporated crosslinked polyelec-
trolyte or hydrogel need not be chemically attached or
grafted to the microporous support.

For microporous substrates, the average pore diameters
may vary widely but preferably range from about 0.1 to
about 10 microns, more preferably from about 0.2 to about
5> microns and particularly from about 0.2 to about 2.0
microns. Pore diameters for microporous substrate are mea-
sured by the bubble-point method according to ASTM
F-316.

The porosity or pore volume of a polymeric porous
substrate used herein 1s preferably from about 25 to about
95%, more pretferably from about 45 to about 85% and
particularly from about 60 to about 85%. Porosity can be
derived from the value of the bulk density of the porous
substrate and the polymer density of substrate polymer
according to ASTM D-792.

The thickness of substrate will depend on the intended use
of the membrane product. For many uses, for example
microfiltration, thicknesses ranging from about 1 to about
500 microns, more preferably about 10 to about 240 microns
and particularly about 20 to about 150 microns, would be
suitable.

In-situ polymerization of a suitable monomer together
with a suitable cross-linking monomer to enable anchoring,
of polymeric molecules that make up the crosslinked poly-
clectrolyte or hydrogel may be eflected by any convenient
polymerization procedure, preferably by free-radical poly-
merization operation. Such free radical polymerization may
include initiation of the polymerization by radiation initia-
tion, thermal mitiation or redox initiation. Typical 1nitiators
include benzoin ethers and benzoyl peroxide. The in-situ
polymerization may include graft polymerization.

Monomers which are suitable for such in-situ polymer-
ization include unsaturated derivatives such as vinyl and
acryl monomers and derivatives of these momoners con-
taining a functional group that provides, or can be modified
by a post-polymerization treatment to provide, an 10n-
exchange site to permit formation of a polyelectrolyte or
hydrogel. Mixtures of comonomers can also be used. Suit-
able examples include 4-vinylpyridine, 2-vinylpyridine,
acrylic acid, methacrylic acid, N-vinylimidazolinum salts,
diallyldimethylammonium salts, N,N-dimethyl-2-aminoet-
hyl methacrylate, allylamine N-(dimethylaminoethyl)-acry-
lamide, N,N-dimethylaminopropyl-methacrylamide),
sodium styrene sulfonate and vinylbenzylhalides such as
vinylbenzyl chloride or bromide. There may also be present
an unsaturated polymerizable comonomer that does not
contain a functional group, for example, styrene. It is
possible to mtroduce the functional group by a post-poly-
merization treatment. For example, styrene can be polymer-
ized and then sulfonated. The polyelectrolyte polymers so
formed do not become grafted to the polymer of the pores.
Nonetheless, the polyelectrolyte polymer in the pores 1s
non-extractable and 1s permanently anchored by being
entrapped 1n the pores.

Crosslinked hydrogels can be formed using, for example,
crosslinked polyvinyl alcohol, polyacrylamide, polyethyl-
ene glycols and polypropylene glycols poly(vinylpyrroli-
done), cellulose derivatives including cellulose acetate and
natural polymers including agar-agar and the like.

The cross-linking of the 1n-situ polymerized molecule to
anchor the gel polymer within the pores by entanglement
with the microporous host may be eflected by adding the
cross-linking monomer to the in-situ polymerized monomer,
so that the in-situ polymerization and cross-linking occur
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simultaneously. Alternatively, the cross-linking may be
cllected as a separate operation following the 1nitial 1n-situ
polymerization. The cross-linking which 1s formed may be
covalent or 10nic 1n nature and may be effected by radiation
cross-linking.

The simultaneous in-situ polymerization and cross-link-
ing 1s attractive since 1t yields gels 1n a single step.

The cross-linking agent may be any suitable unsaturated
molecule capable of reacting to produce cross-links in the
in-situ polymerized molecules. The cross-linking agent may
be a molecule containing at least two unsaturated moieties to
permit the formation of cross-links. Examples of such
monomers are divinylbenzene and divinylpyridine. Other
examples of suitable cross-linking monomers are bisacryla-
midoacetic acid, 1,3-butanediol diacrylate, 1,4-butanediol
diacrylate 1,3-butanediol dimethacrylate, 1,4-butanediol
dimethacrylate, 1,4-butanediol divinyl ether, N-(iso-bu-
toxymethyl)methacrylamide, 1,4-cyclohexanediol
dimethacrylate, 1,4-diacryloylpiperazine, diallyl diglycol
carbonate, diallyl phthalate, diethylene glycol diacrylate,
diethylene glycol dimethacrylate, diethylene glycol divinyl
cther, 2,2-dimethylpropanediol dimethacrylate, dipropylene
glycol dimethacrylate, divinyl glycol, divinyl sebacate, eth-
ylene glycol diacrylate, ethylene glycol diglycidyl ether,
cthylene glycol dimethacrylate, glutaraldehyde, glycerol tri-
methacrylate, 1,6-hexanediol diacrylate, N,N-methylene-
bisacrylamide, 1,3-phenylene diacrylate, 1,4-phenylene dia-
crylate, poly(ethylene glycol) diacrylate, poly(ethylene
glycol dimethacylate) poly(propylene glycol) diamethacry-
late.

The quantity of crosslinking monomer used depends on
the membrane application and may vary up to about 20 mole
% of the total weight of in-situ polymerized monomer
mixture. For water treatment under low pressure driven
applications, the quantity of crosslinking monomer may
range up to about 20 mole %, preferably from about 2.5 to
about 15 mole %, more preferably from about 5 to about 10
mole % of total in-situ polymerized monomer mixture.

The crosslinked polyelectrolyte or hydrogels may be
anchored within the pores of the host membrane by
crosslinking a preformed soluble polymer or copolymer
within the pores of the host as described 1n A. K. Pandey, R.
F. Childs, M. West, J. N. A. Lott, B. E. McCarry and J. M.
Dickson: Formation of Pore-Filled Ion-Exchange Mem-
branes using 1n-situ Cross-linking: Poly(vinylbenzylammo-
nium salt) Filled Membranes. J. Polym. Sci1. Part A Polymer
Chemistry, 39, (2001) 807-820. The disclosure of this article
1s incorporated by reference. The crosslinking agent used 1n
this process may be a molecule contaiming at least two or
more functional groups capable of reacting with functional
groups or other active sites on the dissolved polymer or
copolymer to form covalent bonds. Examples of molecules
forming covalent bonds are dialkylating agents such as
1,3-dibromopropane, 1,4-dibromomethylxylene, di-acylat-
ing and triacrylating agents, such as 1sophthaloyl and trime-
soyl chloride, disulfonating and trisulfonating agents such as
naphthalene di and trisulfonyl chloride, respectively, that are
cllective with polymers such as poly(amines) and di and
higher amines such as 1,6-diaminohexane 1,4-diazabicyclo
[2.2.2]octane, diethylene triamine, and the like that can be
used with polymers contaiming displaceable groups such as
halides, epoxy groups, and groups based on acyl or sulfonyl
derivatives.

The amine type nitrogen atoms of incorporated polymers
may be quaternized such as by alkylation, for certain appli-
cations. Examples of suitable quaternizing agents include,
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dimethyl sulphate, as well as alkyl halides, including ary-
lalkyl halides, for example benzyl chloride or benzyl bro-
mide.

Particular combinations of monomers, comonomers,
polymers or copolymers for production of the cross-linked
polyelectrolyte gels or hydrogels which may be employed
include:

a preformed polymer of vinylbenzylchloride (poly(vinyl-
benzylchloride)) and a di- or higher polyamine followed
optionally by treatment with a tertiary amine 1n order to
introduce further 1on-exchange groups,

an 1n-situ formed copolymer of vinylpyridine and a mono-
mer selected from divinyl benzene and divinylpyridine,

a preformed polyvinylpyridine which 1s subsequently
cross-linked with an dialkylating agent, such as 1,3-di-
bromo-propane,

an 1n-situ copolymer of vinylbenzylchloride and divinyl-
benzene into which the 1on-exchange functional groups are
introduced by reaction with a tertiary amine, for example
trimethylamine or triethylamine,

an 1n-situ formed copolymer of styrene and divinylben-
zene 1nto which the ion-exchange functional groups are
introduced by sulfonation,

an 1n-situ formed copolymer of acrylic acid or meth-
acrylic acid and divinylbenzene,

an 1n-situ formed copolymer of acrylic acid or meth-
acrylic acid and a diacrylate,

a solution of poly(ethyleneimine) which 1s crosslinked by
an dialkylation agent, a di- or higher epoxy compound, or a
di- or higher acylating or sulfonating compound.

Some examples of neutral gels, along with suitable com-
pounds for use in their crosslinking, include: Poly(vinyl
alcohol) cross-linked with agents such as gluteraldehyde;
Poly(sacharides) cross-linked with agents such as ethyleneg-
lycol diglycidyl ether; poly(N-vinylpyrrolidone), poly(acry-
lamide) including those prepared from N-derivatized acry-
lamides such as  N-isopropylacrylamide, poly(2-
hydroxyethylmethacrylate), all of which can be cross-linked
with any suitable divinyl compound; poly(ethyleneglycol)
and poly(propylene glycol) which can be cross-linked by
reaction of the terminal hydroxyl functions with a di- or
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higher functionality reagent such as a di- or higher acid
chlorides or 1socyanates, or by dernivatising the ends such
that these can be further polymerized to provide cross-links
for example using unsaturated esters such as acrylate, meth-
acrylate, or with such groups that will react used to react
with a cross-linking agent. In the latter case suitable end
derivatives include epoxy groups such as glycidyl ethers
which can be reacted with di- or higher amines.

There are various ways to achieve the asymmetry of the
membranes of the present invention, mnclude the following:

1. filling the pores of a host microporous membrane with
a solution of a polymer and suitable cross-linking agent, the
solution being sufliciently diluted that no gelling occurs 1n
the absence of evaporation, and allowing the solvent to
partially evaporate. Evaporation of solvent results in a
reduced volume of the polymer solution and a resulting
increased concentration of polymer and crosslinking agent
so that gelling occurs, or

2. as 1n 1 but in which two or more solvents are used to
dissolve the polymer wherein one of the two solvents is
selected such that i1t 1s volatile and readily removed by
evaporation, or

3. as 1 2 but 1n which the more volatile solvent 1s selected
to retard the cross-linking step during the filling stage but
which on removal by evaporation facilitates the gelling
reaction, and

4. using any of the three above techniques with an
asymmetric host membrane 1n which there 1s a gradient 1n
pore sizes through the thickness of the membrane and in
which capillary forces on evaporation lead to the remaiming
liquid being held 1n the smaller pore-size domains.

The gelling reaction of poly(4-vinylpyridine) (P4VP)
with a,a'-dibromoxylene (DBX) 1s shown below to be
cllective 1 producing cross-linked poly(4-vinylpyridine)
filled membranes. The cross-linking reaction itsell may
produce suilicient charge to eflect water-softening. The
charge can be increased, however, by converting uncharged
nitrogen atoms of the remaining pyridine atoms into their
ionic form. This can be done, for example, by reaction with
benzyl bromide or benzyl chloride. The reaction i1s 1llus-
trated below:

D
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-continued

The gelling reaction involves a nucleophilic bimolecular
substitution. Such reactions proceed well 1n polar aprotic
solvents but protic solvents retard the reaction. The solvent
used 1n the present case must also dissolve the poly(4-
vinylpyridine) and the crosslinking agent. Examples include
N,N-dimethyliformamide (DMF), N-methyl pyrrolidone,
dimethyl sulfoxide and the like. N,N-dimethylformamaide
(boiling point 133° C.) 1s an excellent solvent for poly(4-
vinylpyridine) and also a good solvent for the nucleophilic
displacement reaction. Methanol (boiling point 65° C.) 1s
volatile and 1s readily removed by evaporation and 1s also a
good solvent for poly(4-vinylpyridine); however, 1t 1is
expected to be a poor solvent for such substitution reactions
and retard their rate of reaction. Other solvents that can be
used 1n place of methanol include water, ethanol and the like.

Where the polymer 1s polyethyleneimine there can be
used a mixture of a high and a low boiling alcohol, for

example 1sopropanol and methanol, particularly for the case
where a diepoxide 1s used to crosslink.

Another way to produce an asymmetric membrane 1s to
subject a suitable monomer and crosslinking agent contained
in the pores of a microporous membrane to photopolymer-
ization, ensuring that the light does not penetrate to the full
depth of the membrane so that polymerization and crosslink-
ing do not occur throughout the full depth of the membrane.
Irradiating a poly(propylene) microporous membrane con-
taining 4-vinylpyridine (P4VP), divinylbenzene (DVB) and
2,2-dimethoxy-2-phenylacetophenone (DMPA) as photo-
sensitizer with 350 nm wavelength light gives a membrane
that 1s symmetrically filled with crosslinked (P4VP). In
accordance with the present invention a light absorbing
material 1s added to the system to regulate the depth of
penetration of the light. The choice of light absorber, or
photoblocker 1s made on the basis of the wavelength to be
blocked, the extinction coeflicient of the light absorber at
this wavelength and the absence of any adverse photo-
reactions or involvement in the polymerization reaction. A
suitable photoblocker for use at 350 nm 1s 2,2'-dihydroxy-
4.4'-dimethoxybenzophenone (DDB).

DDB undergoes an eflicient intra-molecular 1somerisation
on the absorption of light. This reaction 1s reversed ther-
mally meaning that the starting DDB 1s not depleted on
irradiation but converts the photochemical energy 1nto heat.
DDB’s sole function 1s to compete for the incident photons
that would otherwise be captured by the DMPA. The DDB
or other photoblocker 1s removed from the finished mem-
brane.
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The photoblocker (DDB) has a uv spectrum with peaks at
251 (e=13,800), A . 350 (e=321). Assuming that the
Beer Lambert law holds at high concentrations of DDB the
concentration of DDB required to absorb 99% of the 1nci-
dent light at different depths 1n the membrane was calcu-
lated. These concentrations were used in the experiments
described below.

In a vaniant of this embodiment that uses light, 1t 1s
possible to use light of a wavelength such that 1t does not
penetrate the full thickness of the membrane, and achieve
asymmetry in this manner.

An 1mportant characteristic of a membrane 1s the flux at
which 1t will operate. The flux can be expressed as the
number of kg of liquid that will pass through one square
metre of the membrane in one hour at a particular pressure.
It 1s desirable that the flux at any particular pressure shall be
as high as possible. As shown below, membranes of the
invention display high flux; as shown 1n examples below the
flux of one membrane of the invention i1s about 5 times
higher than that of a high quality commercially available
nanofiltration membrane. It 1s noteworthy that membranes
of the mvention display high flux at low pressures.

Membranes of the mvention are particularly useful for
separating multivalent cations, for example Ca** and Mg”*,
but also for separating monovalent cations, for example Na™.
They operate efliciently at pressures below those at which
commercial membranes cease to be eflective, for example

below 300 kPa, and especially below 100 kPa.

Experience has shown that symmetrically filled mem-
branes do not exhibit any major change 1n flux or separation
when inverted. With the asymmetric membranes of the
invention a marked diflerence 1n separation 1s seen depend-
ing on which surface of the membrane faces the feed. This
indicates an asymmetric distribution of the crosslinked poly-
clectrolyte 1n the membrane. As demonstrated below, 11 the
surface with the higher concentration of crosslinked poly-
clectrolyte faces the feed the separation achieved 1s mark-

edly superior to that achieved when the other surface faces
the feed.

The asymmetry of a membrane of the mvention can be
illustrated by comparing its effectiveness 1n rejecting matter
present 1n a liquid when the liquid 1s fed to the membrane
with the membrane 1n two different orientations. In the one
orientation the liquid 1s fed to that major surface of the
membrane that has the major amount of the crosslinked
polyelectrolyte. In the other orientation the liquid 1s fed to
the other major surface of the membrane. Thus, 1t 1s possible
to measure rejection rates of the membrane 1n the two
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orientations, but otherwise under the same conditions, and to
compare these rates to derive a ratio, referred to in this
specification as the rejection ratio. After allowing for experi-
mental error, a rejection ratio greater than 1 indicates asym-
metry. It 1s possible to achieve a ratio of 1.5 or greater,
preferably 2 or greater and more preferably 2.5 or greater.

The invention 1s further illustrated in the following
examples and 1n the accompanying drawings, of which:

FIG. 1 shows schematically a pore-filled membrane and a
thin-film membrane;

FIG. 2 shows schematically a pore-filled symmetrical

membrane 1n accordance with the teaching of U.S. Pat. No.
6,258,276;

FIG. 3 1s a graph showing the calculated flux of a
symmetrical membrane as a function of thickness;

FIG. 4 shows schematically an asymmetrically filled
membrane of the present mmvention and a symmetrically
filled membrane of the prior art;

FIG. § shows schematically an asymmetrically filled
membrane of the invention in two orientations, one with the
polyelectrolyte facing towards the liquid feed and the other
with the polyelectrolyte facing away from the liquid feed;

FIG. 6 shows Atomic Force Micrograph (AFM) images of
two sides of an asymmetric membrane substrate;

FIG. 7 1s a graph showing flux and rejection as a function
of evaporation time 1n a series of experiments in which
solvent was allowed to evaporate for different time periods;

FIG. 8 1s a graph showing flux and NaCl rejection as a
function of pressure with a membrane of the invention;

FIG. 9 shows AFM 1mages of two sides of an asymmetric
membrane of the invention;

FIG. 10 1s a graph showing flux and NaCl rejection as a
function of feed pressure with a membrane of the invention;

FIGS. 11 and 12 are energy dispersive X-ray analysis
(EDX) (chlorine) line profiles of cross sections of an asym-
metric membrane of the invention prepared by photochemi-
cally induced polymerization in the presence of a light
absorber:

FIG. 13 1s a graph showing flux and rejection as a function
of feed pressure;

FIG. 14 1s a three dimensional plot showing distribution
of poly(acrylic acid) gel in a membrane of the invention;

FIG. 15 1s a graph showing the profile of poly(acrylic
acid) gel across the membrane of FIG. 15; and

FIG. 16 1s a graph of poly(acryhc acid) gel profiles of
membranes prepared with differing quantities of photob-
locker.

The flux through a membrane 1s inversely proportional to
the thickness of the active layer of the membrane. The
dramatic effect of thickness on the pressure driven flux of
pore-filled membranes 1s shown 1n FIG. 3, where the flux of
a membrane, calculated by the inventors, 1s shown as a
function of thickness.

Base Membranes

Poly(propylene) microporous base membranes available
from 3M Corporation were used in this work. Two of these
membranes (PP-4 and PP-3) are symmetric with the prop-
erties shown in Table 2. There was also used an asymmetric
poly(propylene) microporous membrane (PP-1A) also avail-
able from 3M. The properties of this membrane are also
given 1n Table 2.
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TABLE 2

Properties of Microporous Substrate Membranes

Sub- Specific

strate Substrate 3M Pore-size® Porosity® Thickness porosity”

Code Identifier (um) (vol %) (um) (cm?/g)

PP-4 826-9¢ 0.26 60 56 1.65

PP-3 689-11 0.819 80.5 79 4.54
(Apr. 13, 1989)

PP-1A  558-8 0.178 68.5 44 2.39

(Dec. 28, 1987)

“Pore-size and porosity mnformation provided by 3M Company. Pore-size
determined by bubble point method.

Specific porosity = € /(1 - €_) - d_, where €_ is the porosity and d_|
density of poly(propylene)

1s the

The pore size given for PP-1A 1n Table 2 1s an average
figure that does not take into account the asymmetry inher-
ent 1n 1ts membrane. Atomic Force Micrographs (AFM)
images ol the two surfaces of the membrane are given 1n
FIG. 6 where 1t can clearly be seen that one side has a much
smaller average pore size than the other. Cntical factors
allecting tlux are membrane thickness and membrane poros-
ity. The flux 1s iversely proportional to thickness while
scaling with increased porosity. Thus the PP-1 A membrane
would be expected to exhibit a higher performance than the
PP-4 on the basis of both of these factors.

Preparation of Asymmetric Membranes Using a Single
Solvent

In these experiments solutions of poly(4-vinylpyridine)
(P4VP) with the DBX cross-linker (10 mol %) in dimeth-
ylformamide (DMF) were used (see Table 3). The concen-
tration of the P4VP and DBX was such that no gel was
formed on standing 1n a test tube. In order to form a gel by
the cross-linking route 1t 1s important that the concentration
of the starting polymer exceed the overlap concentration,
which 1s the concentration of a polymer 1n solution when its
coils of one polymer molecule start to overlap with others 1n
solution. (The overlap concentration depends among other
things on the molecular weight of the starting polymer and
the properties of the solvent.)

The solution was used to fill the pores of the asymmetric
microporous membrane PP-1A. The membrane was then
allowed to stand with the larger pore sized surface exposed
to an air-flow 1n a hood for a period of 10 minutes. After this
evaporation step the membrane was covered with a poly-
cthylene terephthalate (PET) sheet, sandwiched between
two glass plates and allowed to stand for 12 hours. The
membrane was washed, dried and weighed 1 order to
determine the mass gain.

The membrane was tested for 1ts behavior under pressure
using pure water and a 300 ppm NaCl solution. The results
are given 1n Table 3. The distribution of gel within the pores
of the membranes was probed by reversing the membrane 1n
the test cell so as to change the side of the membrane facing
the feed (see FIG. 5). Previous experience has shown that
symmetrically filled membranes do not exhibit any major
change 1n flux or separation when 1nverted 1n the cell. In the
case of the membrane prepared by this evaporative process
a marked difference 1n separation was seen depending on the
surface facing the feed (see Table 3).
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TABL.

L1

3

14

PAVP containing membranes prepared by evaporation of DMF

Preparation Conditions

300 ppm Na(Cl

oel oppos. feed

Degree of
Cross-  Mass Water Flux gel facing feed
P4VP Conc.  linking  Gain (100 kPa) Flux Rejec.
Membrane (wt %) (mol-%) (%) (kg/m?h) (kg/m?h) (%0)
AMS531° 1.7 10.0 10 127 145 14.5
AMS3532° 2.2 10.0 10 100 134 16.0
AMS534° 2.0 10.0 N/A 39 39 32.6

“quaternized only by cross-linking
*fully quaternized with benzyl bromide

The results obtained with membrane 534 which was
produced by evaporation of the DMF solution show that the
salt rejection depends on which side faces the feed solution
under the test conditions. This indicates an asymmetric
distribution of the gel in the membrane. The highest sepa-
ration 1s observed when the small-pore sized face of the
membrane faced the feed, indicating that as evaporation
occurred from the large pore sized surface during the mem-
brane preparation step, the gel was formed in the small
pore-sized domain.

Membrane 531 and 532 have remarkably high fluxes but
still show a low salt rejection. These relatively low salt
rejections (ca. 15%) may result from severe concentration
polarization induced by the very high fluxes obtained with
these membranes. It should be noted that the only charge
present 1n the first two membranes comes from that induced
by the cross-linking reaction.

The third membrane (AMS534) was fully benzylated after
the cross-linking step. This membrane has a lower flux but
higher rejection of NaCl. As will be shown later in this
disclosure, the flux of this membrane 1s about 5 times higher
than a high quality commercially available nanofiltration
membrane. The behavior of membrane AM534 with change
in pressure 1s shown in FIG. 8. The pure-water flux and
permeate tlux with the 300 ppm salt test solution was linear
up to 500 kPa. This suggests that the polyelectrolyte gel
within the membrane 1s not changing structure either as a
result of the high hydraulic flows or the presence of solute.
The rejection of NaCl with this membrane was reduced as
the pressure and hydraulic flow increased. This reduction 1s
likely due to concentration polarization. It should be noted
that this membrane still exhibits a ca. 20% rejection of NaCl
at a flux of more than 200 kg/m~h; a result which as far as
the inventors are aware 1s unprecedented.

It 1s noted that 1n the absence of evaporation no gels were
formed in the membranes.

Use of a Two Solvent System 1n which One Solvent Inhibits
the Cross-Linking Step

The eflect of adding methanol to a DMF solution of
poly(4-vinylpyridine) 1s shown 1n Table 4, entries 1 and 2.
In these two test tube experiments the time taken to form a
gel by cross-linking poly(4-vinylpyridine) with dibromoxy-
lene was observed visually. Both solutions had identical
poly(4-vinylpynidine) and dibromoxylene concentrations.
The solution containing 50 wt % methanol took 2.5 times as
long to form a gel as the one just using DMF as solvent.

In addition to using the inhibiting effect of a co-solvent
such as methanol 1t 1s again possible to {ill the host mem-
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Flux Rejec.
(kg/m?h) (%0)
137 3.9
39 21.6

brane with a solution whose concentration of polymer 1s too
low to form a gel. On evaporation of the solvent the
concentration will increase and a point will be reached when
a gel can be formed. (The increase 1n concentration will also
have the eflect of increasing the rate of the gelling reaction.)
This eflect 1s clearly shown 1n Table 4, entries 3 and 4 where
the starting poly(4-vinylpyridine) concentration 1s reduced
to some 60% of that shown 1n entries 1 and 2. It can be seen
irrespective of the solvent used no gel 1s formed with these
lower concentration solutions.

TABLE 4

Qualitative observations on the time taken to form

poly (4-vinylpyridine) gels

P4VP DBX/VP MeOH/DMF  Gelation time
Experiment (wt %) (mol %) (wt/wt) (min)
1 5.1 9.7 0/1 153
2 5.1 10.9 1/1 383
3 3.0 11.2 1/1 no gel
4 3.0 10.0 0/1 no gel

Reactions carried out in test tubes.
P4VP - poly(4-vinylpyridine),
DBX - a,a' - dibromoxylene,
MeOH methanol,

DMF dimethylformamide.
VP = 4-vinylpyridine.

A series of pore-filled membranes were prepared using a
3 wt % solution of PVP with 10 mol % DBX 1n a mixture
of DMF/MeOH. The base membrane used was the sym-
metrical substrate PP-4. As shown i1n Table 4, under these
conditions no gel should be formed 1n the membranes unless
some evaporation of the solvent(s) takes place. In each case
the membranes were filed with the solution, allowed to stand
for 60 seconds after filling for evaporation of the solvent to
occur, and then sealed while the gelling reaction was
allowed to proceed for 1 hour. The membranes were quat-
ernized with benzyl bromide and subsequently converted
into their chloride form for analysis. In each case the mass
gain and NaCl separation and flux at 100 kPa were mea-

sured. The results of these experiments are shown in Table
3.
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TABLE 5

Effect of solvent evaporation on mass gain and performance of
poly(N-benzvl-4-vinylpyridinium salt) filled membranes

MeOH/ Exptl. Calc
DMFE P4AVP  DBX/VP Mass Mass Flux Rejec.
Membrane (wt/wt) (wt %) (mol %) gain %o gain % (ke/m~h) %
10185 0/1 3.0 10.0 0 12.8 1400 0
10184 1/4 3.1 10.5 1.2 12.9 264 0
10183 3/7 2.9 10.1 4.2 11.3 119 3
10182 2/3 3.1 10.7 9.1 12.3 10 42
10181 1/1 3.0 10.0 9.6 10.8 13 38

Base membrane PP-4. Calculated mass gain assumes all void volume in the base mem-
brane filled with the solution and that all the dissolved P4VP 1s cross-linked and held in
place in the membrane. Performance tests were carried out at 100 kPa using 300 ppm
NaCl solution. Fluxes are corrected to 25° C.

The results of these experiments again clearly indicate polarization contributes to the decline in separation. The

that evaporation of the solvent during formation of the ,, absolute evaporation time will depend on the volatility of the
membranes leads to the imcorporation of a gel in the mem- solvent being removed, temperature, air-flow etc.

branes. In the absence of evaporation no gel was incorpo-
rated.

As the weight fraction of methanol, the more volatile
solvent, 1s 1ncreased so 1s the mass of incorporated poly-

electrolyte gel. With no methanol present in the starting 25 A set of membranes was prepared using 1dentical starting
solution the 60 second evaporation stage 1s insuflicient to solutions. (2.5 wt % P4VP; DBX 10 mol %; MeOH/DMF

"y

remove a su icient amount of DMF 1 qrder _fOI' a gelling 50/50 wt/wt; 60 second evaporation; and 60 minute gelation
reaction to occur (membrane 10185). With high methanol

contents (membranes 10182 and 10181) mass gains of about

9% or some 70-80% of the theoretical maximum were 30
obtained. These latter two membranes exhibit quite high =~ PP-LA but differed in that evaporation from membrane
fluxes and reasonable separations of NaCl as compared to #4171 was carried out from the side with the smaller pores
other PP-4 based membranes made 1n the group (vide infra).
(No tests were made to determine the asymmetry of these

Extension of the Two Solvent Technique to Asymmetric
Support Membrane

time. Fach of the membranes was reacted with benzyl
bromide after gelation.) The membranes were prepared from

while with #4172 evaporation took place from the side with

the larger pores.

two membranes.) 25 |
Effect of Evaporation Time on Flux and Separation (300 Bach of thes‘e membranes was tested using a 300 ppm
ppm NaCl, 100 kPa) NaC(ll test solution at 100 kPa. Each membrane was tested
It is desirable to regulate the degree of evaporation ~ With the evaporative facing and opposite the feed. The
occurring during the formation of the gel-filled membranes. results are given 1n Table 6.
TABLE 6

Effect of support membrane and direction of feed

Evap. side Evap. side away
Mem- Mass toward feed from feed
brane Support Side for gain Flux Rejct Flux Rejct

Number Membrane evaporation % (kg/m*h) (%) (kg/m*h) (%)

4171 PP-1A small pore 14 22.5 50 20 33

4172 PP-1A large pore 11 30 20 31 47
This i_S shown clearly in the results Sh@‘f‘m in FIG. 7 where Several factors stand out from these results. Membrane
a series of membranes was made using a 50/50 wt/wt 55 4172 with 1ts evaporative side away from the feed has an

mixtur§ of MeOH/DMF, 2..5 wi .% PVP, aI'Id 10 mol % DBX exceedingly high flux (31 (kg/mzh) at 100 kPa) with a
cross-linker. The only variant 1n the series ol membranes
was the evaporation time. A PP-4 base membrane was used
throughout.

As can be seen from FIG. 7 the performance of the ¢o
membranes depends on the evaporation time used in the

process. Too short an evaporation time and the resulting . .
membranes had a high flux but low rejection. Too long an the flux 1s the same for either membranes #4171 or 4172

evaporation and again there was an increase in flux and drop irrespective of the way they were tested (evaporative side
in rejection as compared to the membranes made with the 65 tacing or opposite to the feed) there 1s a marked difterence
intermediary evaporation times. The origin of these etlects 1s in separation. In both cases the largest separations were
not clear. At the higher tfluxes 1t could be that concentration observed when the small pore sized face was facing the feed

rejection of NaCl close to 50%. This performance 1s excep-
tional as compared to high quality commercial nanofiltration
membranes, vide infra.

Second, the PP-1A membranes exhibit a marked asym-
metry in terms of performance 1n salt separation. Thus while
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and independent of which side the evaporation was from
during the evaporative step when the membrane was made.

These results are entirely consistent with an asymmetric
loading of the gel within the pores, with the component of
the gel providing the salt separation being located within the
small-pore sized region of the base membrane. With this
separating layer being at or close to the small pore sized
surface of the membranes then good separations should
result. With the feed coming from the large pore size side it
would be expected that there would be a severe concentra-
tion polarization and loss of separation. We note that it 1s
likely that there 1s some gel coating on the internal structural
clements of the support throughout the thickness of the
membrane. These coatings do not provide any salt separa-
tion function.

As solvent 1s evaporated from an asymmetric support
membrane capillary forces should lead to the remaining
solution being largely concentrated in the small pore sized
region ol the membrane. As the gelling reaction occurs with
loss of methanol and an enhanced rate of the cross-linking
reaction, this will lead to the separating layer being prefer-
ably located 1in the small pore size region of the support
membrane.

This finding 1s important 1n that a considerable number of
microporous membranes have asymmetric structures with
one surface of the membrane having a smaller pore size. It
also means that the evaporation could be allowed to occur
from both sides of the membrane, something which could be
a significant advantage in an industrial process.

Direct Evidence of the Distribution of Gel within the Pores

Atomic Force Microscopy was used to examine both
surfaces of a membrane formed using PP-1A as the sub-
strate. The 1mages were obtained using wet membranes and
are shown 1n FIG. 9. The chlorine content of both surfaces
of a membrane using EDX analysis with an Environmental
Scanning Flectron Microscope (ESEM) instrument. Chlo-
rine was found on both the surfaces from which the evapo-
ration occurred as well as the bottom surface facing the
support. The ratio of chlorine on the two surfaces was
different with the bottom surface appearing to have some
25% more chlorine present although this difference 1s barely
outside the error limits of the experiment. (Cl/C ratio for
membrane 5131 were—top 0.16/0.07 and bottom 0.20/
0.02.)

As there was chlorine present on both surfaces 1t would
seem that during the evaporation some residual gel 1s lett as
a coating on the fibrils/nodules of the side of the support
membrane from which the evaporation took place.

Comparison of the Performance of the Asymmetrically and
Symmetrically Filled Membranes

As was shown earlier, the concentration of the starting
polymer (P4VP) used 1n this work were generally below the
overlap concentration and as such 1t 1s 1mpossible to prepare
gel-filled membranes without the concentration step associ-
ated with evaporation. This makes comparison of symmetri-
cally and asymmetrically filled membranes somewhat dii-
ficult. In order to get round this the invention used a higher
P4VP concentration to prepare symmetrically filled mem-
branes. Separation depends on the gel-polymer concentra-
tion at the surface of the membrane facing the feed. With an
asymmetric loading this concentration will be higher than
the calculated value based on an even filling of the mem-
brane.

The two series of membranes shown 1n Table 7 were
prepared and tested. In the evaporative route a 60 second
evaporation time was used. The gelling time in each case
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was set at 60 minutes. In each case a MeOH/DMEF ratio of
50/50 wt/wt and a cross-linking ratio of 10 mol % were used.
In the case of the asymmetric membrane based on PP-1A the
small pore size face was towards the feed.

TABLE 7

Comparison of symmetrically and asymmetrically

filled membranes

P4VP Mass Reject (%)
Membrane sol Base oain Flux (300 ppm
i (wt %) Method membrane (%) (kg/m~h) NaCl)

4215 2.5 Evap PP-4 8.5 10 52
4213 2.5 Evap PP-4 9 19 43
4173 2.5 Evap PP-4 7 11 46
4214 5 No evap PP-4 10 3.2 52
4171 2.5 Evap PP-1A 14 23 50
4172 2.5 Evap PP-1A 11 31 47
4211 5 No evap PP-1A 18 6 534

In the case of the PP-4 based membrane it can be seen that
membranes 4215 and 4214 have identical rejections of
sodium chloride but fluxes which ditfer by a factor of three.
The higher flux 1s with the asymmetrically filled membrane
prepared by the evaporative route.

In the case of the PP-1A based membranes the difference
in flux 1s between a factor of 4 and 5 with comparable
separation to the symmetrically filled membrane.

These results clearly demonstrate the superior perfor-
mance ol asymmetrically filled membranes as compared to
symmetric gel-filled membranes.

Performance Measures of the Asymmetrically Gel Filled
Membranes

The flux and separation of a typical membrane was

examined as a function of pressure. The membrane was
produced with a 3.1 wt % solution of P4VP in MeOH/DMF

(50/50 wt/wt), with DBX as cross-linker (10.5 mol %) using
a 60 second evaporation step and 60 minute gelling time.
The membrane was tested with a 300 ppm NaCl solution
with both flux and separation being measured as a function
of pressure. The results are summarized in FIG. 10.

As can be seen from the data summarized in FIG. 10 the
flux of the membrane varies linearly with the applied
pressure up to a value of 500 kPa. These results indicate that
there 1s no compressible surface layer present on the mem-
brane and that the gel i1s not aflected by the large hydraulic
flows encountered at the higher pressures.

The observed slight decrease of the rejection of NaCl by
the membrane at higher pressures 1s likely arising from
concentration polarization at the high tlow rates accompa-
nying the higher pressures.

The performance of an asymmetrically filled membrane 1n
tap water soltening was compared to that of several sym-
metrically filled membranes prepared in our group and with
Desal-51, a high performance, flat-sheet nanofiltration mem-
brane produced by Osmonics. The results of this comparison
are given 1n Table 8.
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TABLE 3

Comparison of performance in softening of municipal tap water

20

Rejection (%)

Fabrication Mass Cross Flux
Membrane # method gain (%) linking (%) (kg/m?h) Na*
5133 Evaporative 12 10 22 21
AK Filling 42 5 12 35
AM Filling 66 11 8 20
Desal-51 — — — 7 21

Mg++ Catt
79 63
79 63
74 61
71 4

AK 1s the best symmetrically filled membrane product using PP-3 as the substrate with

poly(vinylbenzylammonium salt) gel.

AM 1s a comparable membrane produced using a poly(vinylpyridinium salt) gel.

Membrane 5133 was made using a 60 second evaporation time.

The data clearly shows that the rejection of ions by the
asymmetrically filled membrane 1s the same as that found
for other gel-filled membranes produced in our group.
However, there 1s a marked improvement in flux. As com-
pared to the commercial membrane the asymmetrically filled
membrane tested here shows a three-fold enhancement in

flux with a better rejection of bivalent 10ons than the Desal-
S1.

Photochemically Induced In-Situ Polymerisation in the
Presence of a Light Absorber

It 1s possible to make symmetrically filled membranes by
photo-polymerising a suitable monomer and cross-linking,
agent contained in the pores of a microporous membrane.
Thus 1rradiating a poly(propylene) microporous membrane
contaiming 4-vinylpyridine (VP), divinylbenzene (DVB),
and 2,2-dimethoxy-2-phenylacetophenone (DMPA) as a
photo-sensitizer with 350 nm wavelength light gives a
symmetrically pore-filled membrane containing cross-
linked poly(4-vinylpyridine) (PVP). Under these conditions
light penetrates through the thickness of the membrane
resulting 1n polymerisation of the incorporated monomers
throughout 1ts depth.

Control of the depth of penetration of the light should
determine where polymerisation (pore-filling) occurs in a
membrane. In this example we added a light absorbing
material to the system and controlled the concentration of
this species so as to regulate the depth of penetration of the
incident light ito the membrane. The choice of light
absorber, or photo-blocker, 1s made on the basis of portion
of the spectrum (wavelength) to be blocked, the extinction
coellicient of the potential absorber molecules at this wave-
length, and the absence of any adverse photo-reactions or
involvement 1n the polymerisation reactions by the absorber.
In the present case 350 nm wavelength light 1s used. The
DMPA 1nitiator has a strong absorbance at this wavelength.
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Membrane #

7271
7281

8041

We chose to use 2,2'-dihydroxy-4.,4'dimethoxybenzophe-
none (DDB) as the photo-blocker. This compound has a
strong absorption at the desired 350 nm.

A series of membranes were produced 1n which varying
amounts of DDB were added to the solutions impregnating
the membranes. Following the polymerisation step the mem-
branes were treated with benzyl bromide in order to alkylate
the pyridine nitrogen atoms and convert the pore-filling to a
polyelectrolyte gel. These membranes were examined in
terms ol the physical properties, such as mass load, thick-
ness, etc., morphology, and performance 1n pressure driven
separations. Several different supporting microporous poly
(propylene) supports were used.

Cross-sections of membranes 1n the chloride form were
analysed for chlorine using energy-dispersive X-ray analysis
(EDX). As can be seen 1n FIG. 11, the membranes showed
a marked asymmetry 1n the distribution of gel incorporated
into the host membrane with the highest densities being at

the side of the membrane facing the light. The incorporated
gel 15 located within the pores and 1t does not form a surface
layer.

The effect of changing the concentration of the photo-
blocker DDB on mass load and membrane performance was
examined. Data obtained with a PP-1A base membrane are
given 1n Table 9. The results shown in this Table were
obtained using identical conditions and irradiation times.
The only variant was the concentration of DDB. Assuming
that DDB exhibits a linear concentration/absorbance rela-
tionship 1t 1s possible to calculate the depth 1n the membrane
at which the light intensity will be reduced to 1% of that of
the mncident light. This 1s shown 1n the Table as a percentage.
(No absorber would be 100%, 1.e. all the light goes through
the membrane, 25% means that only 1% of the light inten-
sity remains at a quarter of the way through the membrane.)

TABLE 9

Effect of UV blocker on degree of incorporation
and performance of PP-1a based membranes®

Flux at
DDB Light 100 kPa Separation
(Wt %) penetration (%) Mass gain % (kg/m°h) 300 ppm Nacl (%)
1.8 50 64 0.8 52
3.2 25 15 2.7 55
5 17 8 42.5 8

“The membranes were produced with the small pore sized face of the membrane towards
the light source. The membranes were treated with benzyl bromide after the photo-poly-
merisation reaction in order to mduce a positive charge. The mass gains refer to the
membrane after this alkylation step.



Us 7,247,370 B2

21

The results shown 1n Table 9 clearly indicate that increas-
ing the relative concentration and thereby decreasing the
nominal depth penetration of the light reduces the mass gain.
As would be expected, we have also found that with a fixed
DDB concentration increasing the length of the irradiation
increases the amount of PVP incorporated into the mem-
brane.

The EDX profile, FIG. 11, discussed above, shows that

membrane #7281 has an asymmetric distribution of gel
within the pores. The effect of this asymmetry 1s shown in
the relative performances of the membranes. As can be seen
membrane #7281, which has only a quarter of the mass gain
of membrane 7271, has a flux which 1s 3.5 times as large as
the latter membrane with the same, or even slightly
increased separation. It 1s also evident from the results that
too low a mass gain (membrane #8041) even with presum-
ably a higher degree of asymmetry results i a high flux but
low separation.

An asymmetrically filled membrane (#81735) was pre-
pared and tested for water soiftening. The base membrane
selected was PP-3 as this support typically gives high
performance in this type of application. The DDB concen-
tration 1n 4-vinylpyridine was adjusted for a 99% reduction
in light intensity at a depth of 25% into the membrane. The
membrane produced had a mass gain of 36% and a nominal
degree of cross-linking with DVB of 20.2 wt %. The
membrane was N-alkylated with benzyl chlornide. The EDX
profile of this membrane showed a marked asymmetry, FIG.
12. The two surfaces of the membrane appeared to be quite

different when examined using ESEM as 1s shown 1n FIG.
13.

This membrane was tested with a 300 ppm NaCl test
solution. With the more densely loaded surface towards the
feed the eflect of pressure on flux and separation was
examined. The data shown in FIG. 13 shows that there 1s a
linear relationship between flux and pressure up to 400 kPa
with very little change in separation over the pressure range
tested. The results are typical for a PVP filled membrane in
which the gel volume fraction 1s relatively low.

The eflect of mverting the membrane in the test cell 1s
shown 1n Table 10. As can be seen when the bottom, or
lightly filled surface of the membrane faces the feed the
observed flux at 100 kPa i1s increased and the separation
decreased. The reduction i1n separation i1s consistent with
results obtained with other asymmetrically filled membranes
where a marked concentration polarisation eflect 1s seen in
comparable situations. It 1s not clear at this point why the
flux should also change as the membrane 1s reversed 1n the
cell. It may be that there 1s a compressible surface layer on
the “filled side” of the membrane but this 1s not proven at
this point.

TABLE 10

Effect of change of membrane side facing feed on
performance (Membrane 8175)

Flux (100 kPa) Rejection (300 ppm

Side facing feed (kg/m~?h) NaCl) %
densely filled 14 48
lightly filled 33 16

The membrane was tested for its performance 1n water
soltening using municipal tap water as feed. The results are
shown 1n Table 11. In the tests with the asymmetric mem-

brane 8175 the filled side was towards the feed.
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TABLE 11

Comparison of Asymmetric Membrane Performance

Flux at 100 kPa Rejection (%)

Membrane (kg/m~h) Na Mg Ca
8175 11 25 65 57
symmetric P4VP 8 20 74 61
Desal-51 7 21 71 54

The first point to observe 1n the data 1n Table 11 1s that the
asymmetric membrane 1s capable of soltening water at a
reasonably high flux. Comparison with Desal-51 shows 1t
has a significantly higher flux with a separation performance
which 1s a little poorer.

Comparison was also made with a symmetrically filled
PVP membrane. However, 1t 1s diflicult to make such a
comparison of performance because the PVP membranes
were prepared by a different route and the mode of prepa-
ration has been shown to affect performance. The compari-
son made 1n Table 11 1s with optimised P4VP gel-containing
membranes. Again a significant improvement 1n flux of the
asymmetrically-filled over the symmetrically-filled mem-
brane 1s observed.

A microporous poly(propylene) (PP) microfiltration
membrane (3M Company) containing an asymmetric load-
ing ol cross-linked poly(acrylic acid) was prepared. The PP
substrate had a bubble point diameter of 0.57 um with a
porosity of 84.5% and an average thickness of 72 um.
Pore-filled membranes containing grafted poly(acrylic acid)
have been previously described by Winmik, F. M.; Momeau,
A.; Mika, A. M.; Childs, R. F.; Roig, A.; Molins, E.; Ziolo,
R. F.; Can. J. Chem. 1998, 76, (1998), 10-17, the disclosure
of which 1s incorporated herein by reference. These mem-
branes were made by a photografting process with no
cross-linking and are thus different from the cross-linked
poly(acrylic acid gels described here. While these photo-
grafted membranes had different surface compositions
cross-sections of membranes containing iron oxide nano-
particles examined using scanning transmission electron
microscopy showed that they had an essentially even dis-
tribution of poly(acrylic acid) through the thickness of the
membrane.

The asymmetric poly(acrylic acid) gel containing mem-
branes of this invention were prepared by photopolymeriza-

tion of acrylic acid with N,N-methylene bisacrylamide as
crosslinker in DMF as a solvent and benzoin ethyl ether (1
to 1.5% by weight). DDB was used as photoblocker at
various concentrations (0 to 1.44x10~" M) as indicated in
FIG. 16. Under these conditions the light intensity 1s attenu-
ated through the thickness of the membrane 1n a manner that
was thought could lead to an asymmetric distribution of

poly(acrylic acid) across the membrane as discussed in
Koprinarov et al. (J. Phys. Chem. B 106(2002)5358-5364)

A wet membrane was frozen at —120° C., cryomicrotomed
to approximately 300 nm thickness and the cross-section
examined with a scanning transmission X-ray microscope
(STXM), as described by Koprinarov, 1. N.; Hitchcok, A. P.;
McCrory, C. T.; and Childs, R. F.; J. Phys. Chem. B 2002,
106, 5358-5364, the disclosure of which i1s incorporated
herein by reference. Singular value decomposition (SVD)
was used to obtain component maps from sets ol X-ray
spectromicroscopy i1mages. FIG. 14 1s an obtained poly
(acrylic acid) component map derived from SVD of 11-1m-
ages, 15-poimnt-smoothed and presented as a three-dimen-
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sional plot. This clearly shows the pronounced gradient
across the membrane. FIG. 15 1s a profile of poly(acrylic
acid) gel determined from a single vertical line (points),
averaged over 2 um (dashed line), and averaged over the tull
26 um width sampled (light solid line). The thick solid line
1s a single-exponential {it to the average over the full width.
The decay constant is 0.07 um™".

FIG. 16 shows gel profiles of asymmetric membranes
prepared using different quantities of DDB photoblocker.
The microporous substrate was a poly(propylene) microfil-
tration (3M Company) produced by the thermally mnduced
phase separation process of Lloyd, D.R., et al,
“Microporous Membrane Formation Via Thermally Induced
Phase Separation.l.Solid-Liquid Phase Separation”, 1.
Membr. Sci., 52 (1990) 239-261. The microporous substrate
had an average porosity of 80.5% and an average thickness
of 72 um. Polypropylene substrate was soaked for a few
minutes 1n N,N-dimethylformamide solutions of 2.775 M
acrylic acid, 5 mol % N,N-methylenebisacrylamide, 2 mol
% of 2,2-dimethoxy-2-phenylacetophenone (DMPA) and
differing quantities of 2,2'-dihydroxy-4,4'-dimethoxyben-
zophenone (DDB) photoblocker.

A series of membranes were examined by STXM. Results

are given 1 FIG. 16 for samples prepared with varying
quantities of DDB, namely 0; 4.74x107> M; 2.44x107° M
and 1.44x10~' M. FIG. 16 shows normalized gel profiles
across the first 30 microns of the membranes. The solid lines
represent exponential fits of the data. It 1s clear that as the
concentration of DDB increases the distribution of the
poly(acrylic acid) gel becomes more asymmetric. The dens-
est area 1s at the surface exposed to the UV radiation, while
the least dense 1s furthest away. CTMO10 shows a particu-
larly desirable feature in the rapid fall off 1n gel density,
where the gel density decreases by a factor greater than 5 in
the first 10 microns of the membrane and then reaches a low
value.

The 1nvention claimed 1s:

1. An asymmetric membrane comprising a microporous
membrane substrate, 1n at least some of whose pores 1s
contained a crosslinked gel which forms a continuous or
substantially continuous layer, the density of the crosslinked
gel being greater at or adjacent to a first major surface of the
membrane than the density at or adjacent to a second major
surface of the membrane.

2. A membrane according to claim 1, wherein at least
some ol the pores contain a cross-linked gel such that 1t
forms a continuous or substantially continuous layer whose
thickness 1s less than that of the microporous membrane
substrate and 1s adjacent to the first major surface of the
microporous membrane substrate.

3. A membrane according to claim 1, wheremn the gel
forming the continuous pore-filling band 1s not chemically
bonded to the microporous membrane substrate but 1s
entangled with the structural elements of the support.

4. A membrane according to claim 1, wherein the density
of crosslinked gel polymer 1s at a maximum at or adjacent
to the first major surface of the membrane and decreases
gradually towards the second major surface of the mem-
brane.

5. A membrane according to claim 1, wherein the mem-
brane substrate 1s a microporous polyethylene, polypropy-
lene, poly(vinylidenedifluoride), poly(tetrafluoroethylene),
cellulose, cellulose acetate, nylon, poly(ester), polysulione,
or polycarbonate, or a porous ceramic or glass membrane
support having a thickness of from 1 to 500 um, preferably
in the range of 10 to 200 um, more preferably in the range

20 to 150 um, a pore diameter 1n the range of 0.05 to 20 um,
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preferably 1n the range 0.1 to 10 um, more preterably 0.2 to
2 um, and a pore volume of about 25% to about 95%,
preferably 1n the range of 60 to 85%.

6. A membrane according to claim 1, wherein pores are of
different sizes, with larger pores adjacent to one of the major
surfaces of the substrate and smaller pores adjacent to the
other major surface.

7. A membrane according to claam 1, wherein the
crosslinked gel 1s a polyelectrolyte gel.

8. A membrane according to claim 7, wherein the
crosslinked polyelectrolyte 1s based on one or more of
4-vinylpyridine, 2-vinylpyridine, acrylic acid, methacrylic
acid, styrenesulifonic acid, vinylsulfonic acid, acrylamidom-
ethylpropanesulionic acid, diallylamine, N,N-dimethyldial-
lylamine, allylamine, N-(dimethylaminoethyl)-acrylamide,
N,N-dimethylaminopropyl-methacrylamide), vinylbenzy-
lamine or polyethyleneimine and their dernivatives.

9. A membrane according to claim 1, wherein the
crosslinked gel 1s a hydrogel.

10. A membrane according to claim 9, wheremn the
crosslinked hydrogel 1s based on crosslinked poly(vinyl
alcohol), poly(acrylamide), poly(N-vinylpyrrolidone), poly
(ethylene glycol) or poly(propylene glycol).

11. A membrane according to claim 1, which displays a
rejection ratio of 1.5 or greater.

12. A process for preparing an asymmetric membrane
according to claim 1, wherein the pores of the microporous
substrate are filled with a solution of a polymer, or a
polymerizable monomer, that bears functional groups and a
crosslinking agent, whereafter some of the solvent 1is
allowed to evaporate and crosslinking or polymerization and
crosslinking, 1s allowed to proceed 1n the pores to form the
asymmetric membrane.

13. A process according to claim 12, wherein the func-
tional groups present on the polymer or on the polymeriz-
able monomer are 1onically charged groups or groups that
can be rendered 1omically chargeable.

14. A process according to claim 12, wherein evaporation
from one major surface of the substrate 1s permitted while
the other major surface i1s sealed to prevent evaporation.

15. A process according to claim 12, wheremn the
microporous substrate has pores of diflerent sizes, with
larger pores adjacent to one major surface of the substrate
and smaller pores adjacent to the other major surface of the
substrate.

16. A process according to claim 12, wherein evaporation
1s permitted from that major surface to which the larger
pores are adjacent.

17. A process according to claim 15, wherein evaporation
from both major surfaces of the microporous substrate is
permitted.

18. A process according to claim 12, wherein the polymer
1s poly(4-vinylpyridine) or poly(acrylic acid) and the solvent
1s N,N-dimethyliformamide or N-methylpyrrolidone.

19. A process according to claim 18, wherein the solvent
1s N,N-dimethylformamide, in admixture with methanol.

20. A process according to claim 12, wherein the polymer
1s a polyamine and the crosslinking agent 1s a dihalide or a
diepoxide.

21. A process according to claim 20, wherein the
polyamine 1s poly(4-vinylpyridine) or poly(ethylimine) and
the crosslinking agent 1s o,0'-dibromoxylene, a,a'-
dichloroxylene or 1,3-dibromopropane.

22. A process according to claim 20, wherein the polymer
1s poly(ethyleneimine) and the solvent 1s an isopropanol/
methanol mixture.
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23. A process according to claim 12, wherein the polymer
1s poly(vinylbenzylchloride) and the crosslinking agent 1s a
di- or polyamine.

24. A process according to claim 23, wherein the di- or
polyamine 1s 1,6-diaminohexane, piperazine or 1,4-diazabi-
cyclo[2.2.3]octane.

25. A process according to claim 12, wherein the polymer

1s poly(vinyl alcohol) and the crosslinking agent 1s glutaral-
dehyde.

26. A process lor preparing an asymmetric membrane 10

according to claim 1, which comprises filling the pores of
the microporous substrate with a solution of a polymerizable
monomer that bears functional groups, a crosslinking agent,
a photomitiator for polymerization and a photoblocker, and
irradiating to cause polymerization to form the asymmetric
membrane.

27. A process according to claim 26, wherein the func-
tional groups are 1onically charged groups or groups that can
be rendered 1onically chargeable.
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28. A process according to claim 26, wherein the poly-
merizable monomer 1s 4-vinylpyridine or acrvlic acid, the
photoinitiator 1s 2,2'-dimethoxy-2-phenylacetophenone, the
photoblocker 1s 2',2-dihydroxy-4.4'-dimethoxybenzophe-
none and the solvent 1s N,N-dimethylformamide.

29. A separation process which comprises passing a liquid
containing matter through a membrane according to claim 1

to separate some or all of the matter from the liquad.

30. A process according to claim 29, wherein multivalent
cations are separated from the liquid.

31. A process according to claim 29, wherein monovalent
cations are separated from the liquid.

32. A process according to claim 29, which 1s operated at
pressure below 300 kPa.

33. A process according to claim 29, which 1s operated at
a pressure below 100 kPa.
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